Perennial crops need far less energy to plant, require less fertilizer and pesticides, and show a lower negative environmental impact compared with annual crops like for example corn. This makes the cultivation of perennial crops as energy crops more sustainable than the use of annual crops. The conversion into biogas in anaerobic digestion plants shows however much lower specific methane yields for the raw perennial crops like miscanthus and willow due to their lignocellulosic structure. Without pretreatment the net energy gain is therefore lower for the perennials than for corn. When applying wet oxidation to the perennial crops, however, the specific methane yield increases significantly and the ratio of energy output to input and of costs to benefit for the whole chain of biomass supply and conversion into biogas becomes higher than for corn. This will make the use of perennial crops as energy crops competitive to the use of corn and this combination will make the production of biogas from energy crops more sustainable.
INTRODUCTION
Anaerobic digestion of energy crops has in recent years expanded extensively throughout Europe. Especially in Germany where a minimum price is guaranteed for electricity generated from renewable energy resources, large areas of agricultural land are cultivated predominantly with corn for energy production in biogas plants. Annual crops like corn are, however, cultures that need significant energy and fertilizer input for their growth. It has been recognized that perennial crops like miscanthus, switchgrass, and willow take far less energy to plant (seen over the whole crop lifetime) and to cultivate and require less nutrient and pesticide supply (U.S. DOE 2006; European Environment Agency, 2007) . At the same time, their annual solar energy conversion efficiency is often higher than that of annual plants due to a longer growing season. Furthermore, perennial crops provide a better environment for more diverse wildlife habitation (U.S. DOE 2006; Semere & Slater, 2007) , and reduce nutrient losses (Aronsson et al., 2001; Jørgensen, 2005) . These factors increase the sustainability of cultivation of perennial crops and make perennial crops favorable candidates for energy production from biomass in the long run. The microbial degradation of the raw perennial crop biomass and its microbial conversion into for example biogas is, however, limited since these crops consist of lignocellulose. Therefore, a suitable pretreatment is needed to break the lignocellulosic structure and make the embedded sugar polymers bioavailable. The wet oxidation pretreatment is a thermal pretreatment method under high pressure with addition of oxygen. Wet oxidation has been successfully applied for the pretreatment of lignocellulosic biomass for subsequent bioethanol fermentation (Lissens et al. 2004,1) , and has been tested for the pretreatment of different organic waste fractions for subsequent anaerobic digestion (Lissens et al. 2004,2) . This pretreatment method has been further developed at BioCentrum-DTU for treating biomass at high dry matter concentration and with a subsequent pressure release (flash); therefore this pretreatment method is also denoted wet explosion. This pretreatment method has previously been applied for increasing the biogas yield of manure fibers showing that the process has its highest potential for treating concentrated lignocellulosic biomass ). The combination of wet oxidation together with acid presoaking and enzymatic hydrolysis has shown that 64% of glucose and 95% of xylose can be released from miscanthus for the subsequent conversion into bioethanol (Sørensen et al. 2007 ). Most recently the wet oxidation pretreatment has been applied for enhancing the degradability of different perennial crops in order to increase their biogas yield. For energy crops like miscanthus the pretreatment efficiency is related to the degree of lignification of the plant, which is highly dependent on the harvest time. This paper compares the energy balance and cost-benefit analysis of the perennial crops with the energy balance and costbenefit analysis of corn as a typical annual energy crop.
MATERIAL AND METHODS
The energy balance and cost-benefit analysis for perennial energy crops performed in this study implies the whole chain of plant cultivation (field preparation, planting, fertilizer and pesticide application), harvesting and conversion of the plant material at a centralized biogas plant (figure 1). This enables the comparison of the cost-benefit of perennials to the annual crop corn, the effect of low and high yielding perennial crops and to evaluate the effect of the additional wet oxidation pretreatment. In order to compare the different scenarios independent of the market prices an energy balance has been developed in the first place, based on the energy input of each cultivation and process step and the final output as biogas, respectively. The cost-benefit analysis is performed based on the prices for seeds, fertilizer, pesticides, soil application and transportation and for electricity sales prices from biogas in Denmark. These costs and sales prices are also applied for those scenarios with higher biomass yields as achieved for example in Southern Germany. The energy inputs and costs for the cultivation are directly given as kWh/ha and €/ha, respectively. Plant propagation and transportation is only taken into account as cost factor, not for the energy balance. The energy input and costs for the biogas process and the pretreatment are calculated as kWh/ha and €/ha by combining the process input/costs in kWh/t-TS, and €/t-TS with the respective yields of energy crops (t-TS/ha). 
Energy input and costs for plant cultivation
The energy input for the fertilizer used for cultivation of the different crops is based on the different fertilizer needs of each crop and the specific energy needed to produce 1 kg of the specific fertilizer (table 1). The energy input for the different steps in plant cultivation and harvest is displayed in table 2. For corn the numbers are based on calculations by Møller et al. (2008) . For the cultivation of willow the total energy input for the cultivation over the whole cultivation period given by Heller et al. (2003) is divided by the total cultivation period. The input for miscanthus is estimated from the data on corn and willow. Cost calculations are based on current prices in Denmark for seed, fertilizer, pesticides and fuel for machinery used for field preparation. The data are valid at crop yields of 10-15 ton dry matter per ha. At higher yields both energy use and costs for harvest and transport will increase.
Energy input and costs for biogas process and pretreatment
The energy used for the operation of the biogas plant and for the wet oxidation pre-treatment is displayed in table 3. The calculations for the pre-treatment are based on the treatment of 20,000 ton solid biomass per year. The energy consumption per ton of solid biomass will be lower for pretreatment installations with a higher capacity. Investment costs are not regarded for the biogas plant which is assumed as pre-existing. Investment costs for the wet oxidation pretreatment have been estimated to 725,000 € (Christensen et al., 2007) for equipment with a capacity of 20,000 ton solid biomass per year. The payback time is set to 10 years. Christensen et al. (2007) Biomass yield and energy output from biogas production The energy output per ha from the conversion of the crop into biogas depends on both the growth yield of each crop on the field (table 4) and the biogas yield achieved in the biogas process (table 5) . The anticipated crop yields are those achieved or expected under practical commercial conditions and not yields from controlled experiments, which are often 10-30% above yields in practice (Venendaal et al., 1997) . Miscanthus for biogas conversion is expected harvested in autumn with a high water content and app. 35% higher dry matter yield than at spring harvest (Jørgensen et al., 2003, Lewandowski and Heinz, 2003) . Finally, the degree of lignification is lower for earlier harvest times thereby enhancing the microbial degradability under anaerobic conditions. For comparison of the effect of higher crop yields the biomass yields achieved in climate with a higher average temperature than in Denmark were taken. Average yields of 25.5 t-DM/ha were achieved for Miscanthus x giganteus genotypes in field trials harvested in autumn in Southern Germany following the third growing season (Clifton-Brown and Lewandowski, 2002) . These yields were achieved without irrigation and with application of the same amount of fertilizer as used in Denmark (table 1) . For the present cost-benefit analysis a 30% lower value was anticipated under commercial conditions. This value was also anticipated for corn for regions with higher average temperature.
The biogas yield per ton of organic matter (volatile solids, VS) is influenced by the pretreatment. The different methane yields per ton of organic matter with and without pretreatment are currently investigated. The preliminary results are given in table 5. For these experiments Miscanthus x giganteus was harvested in autumn. The wet oxidation process was optimized for achieving the highest increase in biogas yield at low process operation costs. For the biogas yield achieved per ha of cultivated land it is taken into account that part of the organic matter is oxidized during the wet oxidation process, reducing the VS content by 5%. The benefit from the biogas production is calculated as net electricity production with 40% efficiency of electricity production in a combined heat and power plant. The sales price for electricity produced from biogas is fixed at 0.10 €/kWh in Denmark from 2008. For calculation of the net energy production the energy consumption for operation of the biogas plant and pretreatment is subtracted from the total energy production. 
RESULTS AND DISCUSSION
The results are distinguished between energy in-and output and cost-benefit for the biomass supply and the biogas production for the different energy crops. For the energy balance the energy needed for cultivation, harvest and transport is taken as input and the total energy output in the form of methane in the biogas plant is taken into account. For the cost-benefit analysis calculations are based on the benefit from electricity produced from the biogas and the costs for cultivation and harvest by the farmer and the costs for the transport of the harvested biomass by either of these two partners. Any kind of further profit is not included in these calculations. Therefore, this model can only directly be applied for scenarios where the biogas plant together with the CHP unit is owned by the farmers.
Energy balance
The energy in-and output and net energy gain for cultivation and biogas production from the different energy crops with and without pretreatment is displayed in table 6. The energy input for cultivation and harvest is 82% for miscanthus and 54% for willow of the energy needed for the growth of corn in Denmark. The energy input needed for transportation of the harvested biomass to the biogas plant and for processing at the biogas plant is lower for biomass with a higher dry matter concentration. These values are therefore lowest for willow. The energy input for the biomass supply increases with higher biomass yields due to higher costs per ha for transportation of the harvested biomass and treating it at the biogas plant. The energy input for miscanthus compared to corn with the same higher biomass yield is slightly lower due to a slightly lower energy input for harvesting 1 ton of miscanthus. Due to the significantly lower use of fertilizer for the two perennial crops the energy input for the fertilizer is for miscanthus and willow only 56% and 62%, respectively, of the energy needed for the fertilizer used for corn cultivation. The energy needed for the wet oxidation pretreatment is about 1-2% of the energy needed for the biomass supply and the operation of the biogas plant. Without pretreatment the net energy gain is 43% and 83% higher for corn than for miscanthus under Danish standard yields and high yielding conditions, respectively, due to the lower methane yields of the raw miscanthus. The net energy gain for willow is lower than for corn due to its lower 13.1 1 Transportation costs are assumed to be proportionally higher with biomass yields biomass yield. Supplying the biogas plant with raw material without pretreatment the energy output/input ratio is accordingly higher for corn than for miscanthus and willow. Applying the wet oxidation pretreatment the methane yield of the perennial crops is significantly higher and the net energy gain and energy output/input ratio becomes significantly higher for the perennial crops compared to the untreated corn for biomass yields achieved in Denmark. This shows that the positive effect of increasing the biogas yield for miscanthus and willow through the wet oxidation pretreatment is much higher than the additional energy input needed for the pretreatment. It can be calculated that an increase of the methane potential from 200 L-CH 4 /kg-VS to 211 L-CH 4 /kg-VS would be sufficient to cover energy input and loss of volatile solids during the pretreatment. According to these calculations corn should not be pretreated by wet oxidation since its specific methane yield per kg-VS is not increased but the pretreatment results in a loss of organic matter and thereby a loss of biogas yield. With the same higher biomass yields for miscanthus and corn in Southern Europe the net energy gain for pretreated miscanthus is almost as high as for untreated corn and the energy output/input ratio is remarkably higher for pretreated miscanthus. If miscanthus is not pretreated the net energy gain and the energy output/input ratio is lower for miscanthus than for corn. For the non-treated willow, the energy output/input ratio is, however, as high as for corn, which is mainly because of to the lower transportation and processing costs of willow due to its higher dry matter concentration.
Cost-benefit analysis
The costs for the biomass supply to the biogas plant and the benefit from electricity production at the biogas plant combined with a combined heat and power (CHP) plant is displayed in table 7. The costs for field application of the different energy crops are about the same. The material costs for the cultivation are however only about one third for the perennial crops mainly due to a lower need for fertilizer and pesticides. While the costs for field application and materials are assumed independent of the biomass yields, transportation costs of the harvested material will be larger with higher biomass yields, but lower per ton of dry matter for biomass harvested with a higher TS content. For moderate biomass yields and an average distance of 15 km to the biogas plant the transportation costs will be about as much as the costs for field application, but they become the largest cost factor for longer distances and higher biomass yields. The transportation costs for willow are lowest because of its high dry matter concentration. The investment costs for the pretreatment are relatively high and are between 7% and 14% of the biomass supply costs. It is assumed that the investment costs for the pretreatment (in €/ha) are independent of the biomass yield per hectare since the investment costs per ton treated material will be lower for higher treatment capacities. Taking only the benefit from electricity sales into account the calculations show that for relatively low biomass yields as achieved in Denmark there is no net benefit neither for corn nor for untreated miscanthus and willow. Without treatment the net benefit becomes only positive for higher biomass yields , and is much lower for untreated miscanthus than for untreated corn. For pretreated miscanthus and willow, however, the net benefit from electricity production via biogas from the perennial energy crops becomes positive even for the biomass yields achieved in Denmark. Also for higher biomass yields as in Southern Germany the net benefit is higher for the perennial crops than for corn since the costs for cultivation are much lower. Both the net benefit and the benefit/cost ratio are highest for the pretreated perennial crops at high biomass yields. The benefit/cost ratios are, however, much lower than the energy output/input ratios for the current material and energy sales prices.
CONCLUSIONS
The perennial crops miscanthus and willow have a much lower specific methane yield than corn when treated under anaerobic conditions without pretreatment. The net energy gain is therefore lower for the perennials than for corn used as energy crops in a biogas plant without applying any pretreatment. Increasing the specific methane yield of lignocellulosic biomass like miscanthus and willow by the wet oxidation pretreatment does, however, increase the methane yield significantly and the ratio of energy output to input and of benefit to costs of the whole chain of biomass supply and conversion into biogas is higher than for corn. Indeed, for biomass yields achieved in Denmark, only the conversion of perennial crops via wet oxidation and biogas achieve a positive net benefit from electricity sales. This shows that pretreatment of miscanthus and willow is essential for making their use as energy crops for biogas production competitive to the use of corn. The pretreatment will enable the economically competitive use of perennial crops which have a lower environmental impact during cultivation and are thereby more sustainable.
